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ABSTRACT
Although extensively investigated, the role of the environment in galaxy formation is
still not well understood. In this context, the Galaxy Stellar Mass Function (GSMF)
is a powerful tool to understand how environment relates to galaxy mass assembly
and the quenching of star-formation. In this work, we make use of the high-precision
photometric redshifts of the UltraVISTA Survey to study the GSMF in different en-
vironments up to z ∼ 3, on physical scales from 0.3 to 2 Mpc, down to masses of
M ∼ 1010M. We witness the appearance of environmental signatures for both quies-
cent and star-forming galaxies. We find that the shape of the GSMF of quiescent galax-
ies is different in high- and low-density environments up to z ∼ 2 with the high-mass
end (M & 1011M) being enhanced in high-density environments. On the contrary, for
star-forming galaxies a difference between the GSMF in high- and low density envi-
ronments is present for masses M . 1011M. Star-forming galaxies in this mass range
appear to be more frequent in low-density environments up to z < 1.5. Differences in
the shape of the GSMF are not visible anymore at z > 2. Our results, in terms of
general trends in the shape of the GSMF, are in agreement with a scenario in which
galaxies are quenched when they enter hot gas-dominated massive haloes which are
preferentially in high-density environments.
Key words: galaxies: luminosity function, mass function – galaxies: distances and
redshifts – galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies:
statistics
1 INTRODUCTION
The current understanding of the galaxy formation and evo-
lution paradigm strongly relies on observational evidence of
a correlation between galaxy properties and the environ-
ment in which galaxies reside. Although the ways for defining
galaxy environment are numerous, starting from early works
on the morphology-density relation (e.g. Dressler 1980), ev-
idence has been gathered on the existence of a relation be-
tween local density and galaxy properties, such as colour,
star-formation, stellar mass, and size (see e.g. Blanton et al.
2005; Kauffmann et al. 2004; Cooper et al. 2006, 2012;
? E-mail: nmalavas@purdue.edu
Balogh et al. 1998, 2004; Go´mez et al. 2003; Lewis et al.
2002; Cucciati et al. 2006; Elbaz et al. 2007). There is gen-
eral agreement over galaxies in high-density environments
being more massive, less star-forming and generally more
evolved in comparison to low-density environments (see e.g.
Blanton & Moustakas 2009, for a review on environmental
properties of nearby galaxies).
The role played by environment, defined both in terms
of the local density field, as well as of global Large Scale
Structure features (such as clusters, filaments and voids) is
still poorly understood. High-density regions are character-
ized by specific processes (such as interactions of galaxies
with the hot intracluster medium, interactions of galaxies
with a cluster potential well or interactions of galaxies with
© 2017 The Authors
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other galaxies) which can easily interrupt the star-formation.
Moreover, as galaxies are biased tracers of the underlying
dark matter distribution, different galaxy samples and/or
different environment parametrizations may probe different
kinds of local and global environment (i.e. DM haloes with
different mass, see e.g. Muldrew et al. 2012; Fossati et al.
2015; Haas et al. 2012). On the other hand, the galaxy stel-
lar mass is related to the halo mass. It is also for this reason
that it has not yet been determined whether star-formation
quenching can be separated in two distinct processes (one
depending only on environment and one on galaxy stellar
mass, as proposed e.g. by Peng et al. 2010) or whether mass
and environment are just two aspects of the same underly-
ing physical mechanisms (as proposed e.g. by Gabor & Dave´
2015, see also Sect. 5).
One of the best ways to study galaxy evolution in
different environments is to compare the Galaxy Stellar
Mass Function (GSMF) as a function of redshift, galaxy
type (star-forming or quiescent), and environmental den-
sity. GSMFs are a powerful tool as they allow to summarize
in a single distribution function the galaxy number density
as a function of mass and to study its evolution with red-
shift or its dependence on other galaxy properties such as
colour and star-formation activity. The study of the shape
of the GSMF is a powerful indicator of how the build-up of
galaxy mass happens throughout cosmic history. Moreover,
theory and numerical simulations can make predictions for
the shape of the GSMF to be compared with observations
and therefore understand the physical processes responsi-
ble for galaxy evolution. Many works have already studied
the comparison of the predicted GSMF from semi-analytical
models and simulations and the observed GSMF (especially
in different environments, see e.g. Guo et al. 2011; Bower
et al. 2012; Fontana et al. 2006; Marchesini et al. 2009; Drory
et al. 2009; Fontanot et al. 2009; Lo Faro et al. 2009; Cira-
suolo et al. 2010; Vulcani et al. 2014; Pozzetti et al. 2010;
Bolzonella et al. 2010). These works find that in the case of
galaxies in the general field, the number of low-mass galaxies
with old stellar populations is over-predicted at intermediate
redshifts (z > 0.5), while the number of high-mass galaxies
(M & 1011M) is under-predicted at high redshift (z > 2).
In particular, Vulcani et al. (2014) performed a comparison
between model and observed GSMFs in different global en-
vironments, finding that the discrepancies at low masses are
present also for the cluster GSMF. Moreover, the models fail
to reproduce the observed evolution for the high-mass end
of both the cluster and the field GSMF. A detailed compar-
ison of the GSMF presented in this work with GSMFs in
different environments derived from semi-analytical models
of galaxy formation (included, but not limited to the one
used in Malavasi et al. 2016) will be the subject of a future
paper.
Several studies have addressed the investigation of the
GSMF using spectroscopic redshift surveys, from the local
Universe (see e.g. Baldry et al. 2004, 2008, 2012), using sur-
veys such as the Sloan Digital Sky Survey (SDSS, York et al.
2000) or the Galaxy and Mass Assembly survey (GAMA,
Driver et al. 2011), up to z ∼ 1 (see e.g Fontana et al. 2004;
Pozzetti et al. 2007, 2010; Moustakas et al. 2013; Davidzon
et al. 2013), relying on data from surveys such as the K20
survey (Cimatti et al. 2002), the VIMOS VLT Deep Survey
(VVDS, Le Fe`vre et al. 2005), the zCOSMOS survey (Lilly
et al. 2007), the PRIsm MUlti-object Survey (PRIMUS, Coil
et al. 2011), and the VIMOS Public Extragalactic Redshift
Survey (VIPERS, Guzzo et al. 2014). Photometric redshift
surveys such as the COSMOS-UltraVISTA (Scoville et al.
2007; McCracken et al. 2012), and the VIPERS Multi-λ Sur-
vey (VIPERS-MLS Moutard et al. 2016a) have instead been
intensively used to explore the GSMF up to z ∼ 3 (see e.g.
Ilbert et al. 2010; Muzzin et al. 2013; Ilbert et al. 2013;
Moutard et al. 2016b).
The GSMF in different environments has been thor-
oughly investigated in several works, again relying both on
spectroscopic surveys of local galaxies (see e.g. Bundy et al.
2006, who used SDSS data, McNaught-Roberts et al. 2014,
who used GAMA data, and Balogh et al. 2001, who relied
on the Two Micron All Sky Survey, 2MASS, Jarrett et al.
2000, and the Las Campanas Redshift Survey, LCRS, Shect-
man et al. 1996). Spectroscopic surveys allowed the study of
the GSMF also up to z ∼ 1 − 1.5 (see e.g. Kodama & Bower
2003; Bolzonella et al. 2010; Cooper et al. 2010; Annunzi-
atella et al. 2016; Vulcani et al. 2012; Davidzon et al. 2016;
Hahn et al. 2015; Giodini et al. 2012), while photometric
redshift surveys have been used up to z ∼ 3 (see e.g. Scoville
et al. 2013; Darvish et al. 2015; Mortlock et al. 2015). For
example, Bolzonella et al. (2010) studied the GSMF in dif-
ferent environments in the COSMOS field (using the zCOS-
MOS survey, see Lilly et al. 2007, 2009) up to z = 1, finding
a difference between the GSMF of high- and low-density en-
vironments, with the massive end of the GSMF being more
enhanced in high-density environments. This result has been
confirmed also by Davidzon et al. (2016), by means of the
VIPERS survey (Guzzo et al. 2014; Garilli et al. 2014). Both
these works relied on a local measurement of the environ-
ment, which is the same strategy adopted in this work. A
complementary approach often used at z ≤ 1 − 1.5 is the
study of the GSMF in different global environments, e.g.
by comparing the GSMF in clusters and in the field. This
approach is substantially different from ours and for this rea-
son it can yield very different results (see e.g. van der Burg
et al. 2013; Vulcani et al. 2013, 2011; Nantais et al. 2016;
Calvi et al. 2013). In all these works, the GSMF does not
seem to depend on global environment, the variations being
small (Calvi et al. 2013).
The difficulty in performing environmental studies at
high redshift relies mainly in the scarce availability of spec-
troscopic surveys of all galaxy types that sample a large
enough volume (wide area and deep limiting magnitude)
with large enough statistical samples. Using photomet-
ric redshift surveys performed in the COSMOS field (Mc-
Cracken et al. 2012; Ilbert et al. 2013), Darvish et al. (2015)
found a strong evidence for massive (M > 1011M), qui-
escent galaxies showing an increasingly important difference
between high- and low-density environments at z . 1.5. Also
using photometric redshifts (the UKIRT Infrared Deep Sky
Survey-Ultra Deep Survey, UKIDSS-UDS, and the Cosmic
Assembly Near-infrared Deep Extragalactic Legacy Survey,
CANDELS, see Galametz et al. 2013; Guo et al. 2013), Mort-
lock et al. (2015) found that the GSMF is different in high-
and low-density environments up to z ∼ 1.5.
Although photometric redshifts allow to study the
galaxy population at higher redshifts and on larger areas
than spectroscopic redshifts (which are usually available on
large areas up to z ∼ 1 − 1.5, or at higher redshifts but on
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much smaller sky fields and are generally characterized by a
low sampling rate), their use is limited by an uncertainty
much larger than that of spectroscopic redshifts. Several
works have investigated the effect of photometric redshifts
on the measurement of the environment (see e.g. Lai et al.
2016; Cucciati et al. 2016; Etherington & Thomas 2015; Fos-
sati et al. 2015; Cooper et al. 2005; Muldrew et al. 2012).
We base this study on our previous work (Malavasi et al.
2016), in which we extensively tested our methods on mock
galaxy catalogues to investigate whether it is still possible
to study the GSMF in extreme environments if the density
field is measured with photometric redshifts.
In this work we exploit the large statistical sample of
the UltraVISTA Survey (McCracken et al. 2012), a deep
photometric survey performed in the near-infrared in the
COSMOS field. In particular, we make use of the high-
precision photometric redshift sample of Ilbert et al. (2013),
which allows us to reach high redshifts with a large enough
statistical sample to study the GSMF in different environ-
ments for both quiescent and star-forming galaxies. This
large statistical dataset allows us to obtain a unique pic-
ture of the appearance of environmental signatures in the
galaxy mass distribution. In fact, we are able to measure
the GSMF in a self-consistent manner, exploring the redshift
range 0.2 < z < 3, analysing different environments and both
quiescent and star-forming galaxy populations with a suffi-
ciently faint K-band limiting magnitude to reach a rather low
mass completeness limit (M ∼ 1010M). Moreover, the high
precision of the photometric redshifts we used has allowed
us to obtain a robust measurement of the local density field,
clearly distinguishing the most extreme environments (i.e.
high- and low-density regions) out to high-redshift. This,
coupled with the preparatory work described in Malavasi
et al. (2016), allows us to achieve robust results and to con-
fidently track environmental effects on the GSMF over a
large redshift range.
We briefly describe the dataset that we used in Sect. 2.
We present our main results in Sect. 3. We compare our find-
ings with previous works in the literature in Sect. 4 and we
discuss our results in Sect. 5. We summarize our conclusions
in Sect. 6. A standard cosmology with ΩΛ = 0.7, Ωm = 0.3
and H0 = 70 km s−1 Mpc−1 is adopted throughout, together
with a Chabrier (2003) IMF.
2 DATA AND METHOD
We will briefly review the data set that we used to perform
the analysis, together with the methods used to estimate
the environment and to calculate the GSMF for the various
samples.
2.1 Sample
The sample that we used is composed of galaxies from the
UltraVISTA Survey (McCracken et al. 2012), with photo-
metric redshifts and physical parameters (stellar masses, ab-
solute magnitudes, and restframe colors) derived by Ilbert
et al. (2013). In particular, photometric redshifts and stellar
masses have been measured by fitting to the multi-band pho-
tometry synthetic spectra generated using stellar population
models (Bruzual & Charlot 2003) and galaxy templates (Pol-
letta et al. 2007) with the Le Phare code (Arnouts et al.
2002; Ilbert et al. 2006). A Calzetti et al. (2000) extinction
law has been assumed, while emission line contributions have
been modeled after Ilbert et al. (2009). Ilbert et al. (2013)
assumed three metallicity values (Z = 0.004, 0.008, 0.02) and
exponentially declining star-formation histories in the form
of τ−1e−t/τ (with τ values in the range 0.1-30 Gyr). More-
over, Ilbert et al. (2009) imposed a low extinction prior on
galaxies with low SFR (in the form of E(B − V) < 0.15 if
age/τ > 4).
The total sample has been selected in KS band and
is composed of 339 384 objects. After the removal of X-
ray sources, stars and objects in masked areas, we are left
with 209 758 galaxies with photometric redshift between
0.2 ≤ z ≤ 4, KS ≤ 24 and measured stellar mass. These
objects constitute the final sample on which we performed
our analysis. The KS-band and redshift cuts have been per-
formed to be consistent with Ilbert et al. (2013) and to
be able to compare the GSMF for the total, quiescent and
star-forming populations with what derived by Ilbert et al.
(2013). We divided the galaxies of the final sample in qui-
escent and star-forming following the color-color diagram
(NUV − r+ vs r+ − J) as in Ilbert et al. (2013). Compared
to a selection based on a UVJ diagram, Ilbert et al. (2010,
2013) argued that the NUV − r+ − J color-color diagram al-
lows us to obtain a better distinction between star-forming
and quiescent galaxies, as the NUV − r+ color is a better
indicator of the current (compared to past) star-formation
activity (see e.g. Martin et al. 2007; Arnouts et al. 2007).
Moreover, the NUV rest-frame band is still sampled by opti-
cal data at z > 2 which does not happen for the rest-frame U
band. According to the NUV − r+ vs r+ − J selection, ∼ 10%
of the galaxies between 0.2 ≤ z ≤ 4 are quiescent and the
remaining fraction of ∼ 90% are star-forming.
We performed our analysis in 8 redshift bins from z = 0.2
to z = 4. Following Ilbert et al. (2013) we assumed the photo-
metric redshift uncertainty to be σ∆z/(1+z) = 0.01 for all the
galaxies in the sample. We chose a value of σ∆z/(1+z) = 0.01
to be consistent with Fig. 1 of Ilbert et al. (2013), which
shows a comparison between the photometric redshifts for
the UltraVISTA Survey and spectroscopic redshifts from a
set of various samples up to KS ≤ 24. Moreover, a value of
σ∆z/(1+z) = 0.01 is in agreement with the average of the er-
ror reported in Table 1 of Ilbert et al. (2013), weighted by
the number of galaxies in each spectroscopic sample used to
determine the error. These samples are rather small, some-
times only tens of galaxies, and may therefore overestimate
the photometric redshift uncertainty if used independently.
Nevertheless, we know that the value we assumed may un-
derestimate the photometric redshift uncertainty at z ≥ 1.5
and for faint galaxies. For this reason, we have performed a
test using a larger photometric redshift error for galaxies at
z > 1.5. As briefly discussed in Appendix A we found that
our results are not significantly affected by larger photomet-
ric redshift uncertainties.
2.2 Method for the estimation of the environment
and the Galaxy Stellar Mass Function
The environment has been determined using a fixed aper-
ture method (similar to what done in Gallazzi et al. 2009).
MNRAS 000, 1–18 (2017)
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The performance of this method with photometric redshifts
has been extensively tested using mock galaxy catalogues in
Malavasi et al. (2016). Following what we have found in our
previous work, we used a cylinder, centered on each galaxy,
with radius R = 0.3, 0.6, 1, and 2 Mpc and with height h equal
to the 3σ photometric redshift error.
h = ±1.5 · σ∆z/(1+z) · (1 + z) (1)
with σ∆z/(1+z) = 0.01.
All the galaxies in the sample were used as both tar-
gets and tracers for the density field estimation. The mea-
surement of the environment around each galaxy (hereafter
defined as target galaxy) was performed by counting how
many other galaxies were present inside the cylinder (in the
following referred to as tracer galaxies) and then dividing
by the cylinder volume. We decided to use volume densities
instead of surface densities because they allow us to take the
variations of the cylinder volume (due to the variation of the
volume height inside the same redshift bin) into account on a
galaxy by galaxy basis. In fact, as we chose a cylinder length
in the radial direction proportional to the photometric red-
shift error of each galaxy, galaxies at different redshifts, even
inside the same redshift bin, will have different volume sizes.
This can create differences in their environment if not prop-
erly accounted for. By using volume densities the problem
is solved in a self consistent fashion and environmental den-
sities can be better compared (see Malavasi et al. 2016, for
details).
The UltraVISTA-COSMOS field has a complicated
shape, due to many holes left in the field by saturated stars.
Galaxies close to edges or holes in the field can have their
environmental measurement biased. In order to limit this ef-
fect we applied a correction to the measured environments
for galaxies too close to the edges. We rejected all galaxies
for which the fraction of the area outside the survey edges
(including holes in the field) was greater than 50% and we
corrected the measurement of the density field for all other
galaxies by dividing for the fraction of the aperture area in-
side the edges. Moreover, galaxies with R.A. (deg) > 150.55
and dec (deg) < 1.8 were not used in the measurement of
the environment, as they lie in a small sky area far from
the main field and they would have been too dominated by
edge effects. The sample sizes after the correction for the
edge effects are reduced to 208 624, 208 446, 208 138, and
207 183 in the R = 0.3, 0.6, 1, and 2 Mpc case, respectively.
Mass completeness limits for these samples have been cal-
culated as in Pozzetti et al. (2010) and are in very good
agreement with those of Ilbert et al. (2013). In particular,
we select the 20% faintest galaxies in each redshift bin, sep-
arately in the case of the total, quiescent and star-forming
galaxy populations. For these galaxies we measure Mmin,
the mass that they would have if their apparent magnitude
(mK ) were equal to the limiting magnitude of the UltraV-
ISTA survey in the KS band (KS = 24), through the formula
log(Mmin) = log(M) + 0.4(mK − 24). The mass completeness
limit Mlim is then the value of Mmin corresponding to the
90th percentile of the Mmin distribution. As an example,
the mass completeness limits derived with this procedure for
the total, passive and star-forming populations range from
(Mlim,tot,Mlim,q,Mlim,s f ) = (108.5, 109, 108.5) at z ∼ 0.5 to
(109.2, 109.5, 109.2) at z ∼ 1 and (109.7, 1010.2, 109.7) at z ∼ 2.
High-density and low-density environments were se-
lected as those above the 75th percentile or below the 25th
percentile of the volume density distribution of galaxies with
M∗ ≥ 1010M, with the quartiles of the distribution com-
puted at each redshift bin. We chose this mass threshold
because the increase in the mass completeness limit of our
sample with redshift can influence the density value of the
percentiles used to define high- and low-density environ-
ments. In fact, at low redshifts our sample is complete at
lower masses, the dynamic range of the density measure-
ment is large and the environmental density thresholds used
to define high- and low-density environments are lower. Con-
versely at high redshifts the dynamic range is reduced, be-
cause the sample is complete only at higher masses compared
to the low redshift case, and the threshold for the definition
of high- and low-density environments is higher. The volume
density distribution is sensitive to the mass completeness
limit of the sample, because of the mass-density relation. In
this way we would not be able to compare the same kind of
environments at low and high redshifts. By chosing a mass
cut close to the mass completeness limit of the highest red-
shift bin we are then able to compare the galaxy population
at low and high redshift in a consistent way. High- and low-
density environments have been defined for both quiescent
and star-forming galaxies using the quartiles of the total
galaxy population. In the following, we will use the notation
D75 and D25 to refer to high- and low-density environments,
respectively.
Galaxy Stellar Mass Functions have been calculated
with the non parametric 1/Vmax estimator (Avni & Bah-
call 1980). They have been calculated separately for qui-
escent and star-forming galaxies, both in high-density and
low-density environments. A comparison of our GSMF and
those of Ilbert et al. (2013) shows perfect agreement. As
the thresholds for defining high- and low-density environ-
ments have been calculated using only galaxies more mas-
sive than 1010M, the GSMF result roughly normalized at
high masses, due to the fact that
∫
M≥1010M
ΦD75(M)dM =
∫
M≥1010M
ΦD25(M)dM (2)
When calculating mass functions, if the number of
galaxies in a given mass bin is lower than two, we applied
the prescription for small counts Poisson statistics of Gehrels
(1986), in the form of 1σ upper and lower limits of Tables
1 and 2. In particular, these tables present the number of
true Poisson events corresponding to a rate of one or zero
observed events. In the case of one observed event (mass
bins containing only one galaxy), the number of real Pois-
son events can be used to correct the error measurement. In
case of empty mass bins (zero observed events), the number
of real Poisson events divided by the volume corresponding
to the selected redshift bin can be used to set an upper limit
for the GSMF in a larger mass range.
3 RESULTS
Although the analysis presented in this work is based on pho-
tometric redshifts, the method that we used to reconstruct
local density and that we tested on mock galaxy catalogues
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in our previous work (Malavasi et al. 2016) is able to pro-
vide us with a robust measurement of galaxy environments
up to z = 3 and on various physical scales. The high-precision
photometric redshifts of the UltraVISTA sample allow us to
trace environmental effects on galaxy properties throughout
cosmic history, contributing in the creation of a consistent
picture of galaxy evolution. In the following, only the cases
with R = 0.3 and R = 2 Mpc will be discussed at length.
The other values of R, which constitute intermediate cases
between those reported here, have been analyzed, but will
not be reported for the sake of clarity and conciseness.
Figure 1 shows an example of the performance of the
fixed aperture method in estimating the density field. This
figure shows the UltraVISTA sky field in a representative
high-redshift bin (1.5 ≤ z ≤ 2.0) for the total UltraVISTA
sample and only high- and low density environments sepa-
rately. Red and blue dots refer to quiescent and star-forming
galaxies, respectively. Only the fixed aperture radius R = 0.3
Mpc is represented, as an example. It can be seen that the
fixed aperture method that we implemented is able to iden-
tify galaxies in different environments. Galaxies belonging to
high-density environments tend to be more clustered, while
low-density galaxies appear spatially distributed in a more
uniform fashion.
Interestingly, it can be seen how, although rare at this
redshift, quiescent galaxies tend to be slightly more visible in
the high-density regions compared to the low-density ones.
This trend can be expressed quantitatively by looking at the
fraction of quiescent galaxies as a function of environment,
redshift and mass (shown in Figure 2). As expected the frac-
tion of quiescent galaxies increases with cosmic time in both
environments. Nevertheless, these fractions show how qui-
escent galaxies are more numerous in high-density environ-
ments compared to low-density ones as a function of mass.
Although the difference is a function of mass and redshift, it
remains well visible up to z ∼ 2 for both the R = 0.3 Mpc and
the R = 2 Mpc case. For masses ∼ 1011M, at z ∼ 0.5 60%
of the galaxies in high-density environments are quiescent,
while only 40% in low-density environments. At z ∼ 1 the
difference is reduced to . 10%, but it is still visible. In the
R = 2 Mpc case, differences of ∼ 10% at z ∼ 0.5 are reduced
to ∼ 5% at z ∼ 1.
The trend visible in our data is in agreement also with
what found in other works, using both global environment
(see e.g. van der Burg et al. 2013; Nantais et al. 2016; Muzzin
et al. 2012, who performed analysis using various samples of
clusters at z ∼ 1 − 1.5) and local environment definitions. In
particular, with respect to local environment, Baldry et al.
(2006) found a fraction of quiescent galaxies ∼ 20% higher
in high-density environments for masses of ∼ 1011M at
z . 0.1, compared to the lowest densities they explored.
Results in agreement with our fractions of quiescent galax-
ies are found also by Darvish et al. (2016), who reported a
fraction of quiescent galaxies higher by ∼ 20−40% for masses
of ∼ 1011M at z ∼ 0.5 and by . 20% at z ∼ 1 in high density
environments compared to low-density ones in the COSMOS
field (see also Scoville et al. 2013; Lin et al. 2016). For di-
rect comparison, in Figure 2 also the fractions of quiescent
galaxies in different environments for the zCOSMOS Survey
(Bolzonella et al. 2010, see their figure 8) are reported (for a
more detailed comparison between our work and Bolzonella
et al. 2010 see section 4).
Figure 1. Sky maps of the UltraVISTA field. Only the case for
R = 0.3 Mpc, z ∈ [1.5, 2.0] is shown. Top panel: black dots rep-
resent the total UltraVISTA sample in the considered redshift
bin. Middle and bottom panel are only high- and low-density en-
vironments, respectively. Red triangles and blue dots represent
quiescent and star-forming galaxies. The fixed aperture method
is able to identify galaxies in different environments at high red-
shift. Quiescent galaxies are located preferentially in high-density
environments.
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Figure 2. Fraction of quiescent galaxies. The solid magenta line refers to high-density environments, the dashed cyan line to low-density
environments. The shaded regions correspond to the propagated errors on the fraction. For each redshift bin, the number of galaxies above
the mass limit in the two environments (magenta for high-density environments and cyan for low-density environments) are reported.
The vertical black dashed line corresponds to the mass completeness limit. Top panel refers to a fixed aperture radius of R = 0.3 Mpc,
bottom panel to R = 2 Mpc. In the first three redshift bins, the fractions of quiescent galaxies in high- and low-density environments
from the work by Bolzonella et al. (2010, see their figure 8) are reported for comparison above the mass completeness limit. Red circles
and solid lines refer to high-density environments, blue squares and dashed lines to low-density environments. The redshift bins in which
the fractions of Bolzonella et al. (2010) have been calculated are reported in parentheses in the bottom right corners of the plots. The
fraction of quiescent galaxies is larger in high-density environments up to z ∼ 2.
3.1 The GSMF of the UltraVISTA sample
Figure 3 shows a first example of the GSMF for all UltraV-
ISTA galaxies. In the same Figure also the GSMF for high-
density and low-density environments are shown, in the case
of R = 0.3 Mpc. We do not report the GSMF for other radii
for the sake of clarity, although when performing the anal-
ysis on the shape of the GSMF in different environments
all apertures will be considered for completeness. It can be
seen how the GSMF of high-density and low-density environ-
ments are different. The high-mass end of the GSMF (above
M = 1010.5−11M) is enhanced in the case of high-density
environments, in comparison to low-density ones, while the
low mass end is depleted. This difference can be appreciated
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up to z ∼ 2, where no more differences can be seen between
high-density and low-density environments.
If we divide the galaxy population into quiescent and
star-forming galaxies, we see how the difference between
high- and low-density environments affects different parts
of the GSMF in the case of the quiescent galaxy population
(Figure 4) and in the case of the star-forming galaxy pop-
ulation (Figure 5). These figures show the GSMF for the
quiescent and star-forming components of the total GSMF
in high- and low-density environments. For quiescent galax-
ies, the enhancement of the high-mass end in high-density
environments is visible in comparison to low-density environ-
ments up to z ∼ 2. Moreover, a steep decline at low masses
is visible. This decline is visible in the high-density and low-
density GSMFs and is found also by Ilbert et al. (2013);
Muzzin et al. (2013); Mortlock et al. (2015). For the star-
forming population, instead, the difference is mainly present
at low masses (below 1011M) and at lower redshifts (be-
low z ∼ 1.5). In these figures, the GSMFs from Davidzon
et al. (2016); Bolzonella et al. (2010); Mortlock et al. (2015)
are reported for reference and a more detailed comparison
between these works and our results will be carried out in
section 4.
A more quantitative analysis of the differences between
high- and low-density GSMF for the different galaxy popu-
lations can be performed by taking the ratios of the high-
density to the low-density GSMF for the total, the quies-
cent and the star-forming galaxy populations as a function
of mass and redshift (Figure 6). In the quiescent and star-
forming case the ratios are calculated using the quiescent
and star-forming component of the total GSMF in high- and
low-density environments. For this reason, the ratio can be
greater than 1 (logarithm of the ratio greater than 0, in the
figure). It can be seen how the ratio of the high-density to
low-density GSMF is typically higher in the case of quiescent
galaxies compared to star-forming ones, at least up to z ∼ 2
for both the R = 0.3 Mpc and the R = 2 Mpc case. The ratio
of high-density to low-density GSMF is generally & 1 for qui-
escent galaxies (logarithm of the ratio & 0) and it is gener-
ally . 1 for star-forming galaxies (logarithm of the ratio . 0,
in the figure). This can be interpreted as quiescent galaxies
being more represented in high-density environments and
star-forming galaxies being more present in low-density en-
vironments. These ratios also show a trend with mass, both
for quiescent and star-forming galaxies. High-density envi-
ronments are dominated by a more massive galaxy popula-
tion, and this is generally true for both quiescent and star-
forming galaxies. Instead the ratio of high-density to low-
density GSMF for the total galaxy population follows the
same ratio of star-forming galaxies at low masses and the
one of quiescent galaxies at high masses, as expected.
3.2 The shape of the GSMF in different
environments
Differences between the shape of the GSMF in high-density
and low-density environments can be better seen by taking
the ratio of the high-mass end to the intermediate-mass end
of the GSMF. In particular, we calculated the quantity
log
Φ(HM)
Φ(IM) = log
∫
log(M)∈[11,11.5]Φ(M)dM∫
log(M)∈[10,10.5]Φ(M)dM
(3)
for both quiescent and star-forming galaxies in both high-
density and low-density environments (shown in Figure 7).
To calculate the ratio we did not include upper limits due
to mass bins with zero galaxies, but we did include mass
bins with only one count. Moreover, the analysis has been
performed only up to z ∼ 2.5 as the sample of quiescent
galaxies begins to be incomplete at 10 ≤ log(M/M) ≤ 10.5
in the last redshift bin.
These ratios show clearly how the difference between
high-density and low-density environments is present mainly
for quiescent galaxies, rather than for star-forming galax-
ies. For quiescent galaxies, the ratio of the high-mass to the
intermediate-mass end of the GSMF is higher in high-density
environments compared to low-density ones. This ratio also
shows a trend with redshift, monotonically increasing up to
z ∼ 2 (for high-density, quiescent galaxies the trend with red-
shift is more evident for the R = 2 Mpc case). This reflects
the gradual build-up of the intermediate mass part of the
GSMF with cosmic time for the quenched galaxy population,
and is in agreement with a scenario in which massive galax-
ies became passive at earlier times than lower mass galaxies
(downsizing). The difference between high-density and low-
density environments seems to be present both for small and
for large radii, with no significant differences among them.
In the bottom panel of the same figure, we report the dif-
ference between the high-density and the low-density curves
from the top panel, normalized to the sum in quadrature
of their errors (in the case where the errors on the ratios
are asymmetric, the largest of the two has been considered).
These plots show how the difference between high- and low-
density environments reaches and largely exceeds 3σ (being
as large as 5σ in the R = 0.3 Mpc case) for quiescent galax-
ies, while it is lower for star-forming galaxies (mostly of the
order of 2σ and even lower in the R = 2 Mpc case).
Conversely, if we take the ratio of the intermediate-mass
end to the low-mass end of the GSMF, differences emerge
only for star-forming galaxies at z ≤ 1.5. In particular, we
calculated the quantity
log
Φ(IM)
Φ(LM) = log
∫
log(M)∈[10.5,11]Φ(M)dM∫
log(M)∈[9.5,10]Φ(M)dM
(4)
for both quiescent and star-forming galaxies in both high-
density and low-density environments (shown in Figure 8).
Again, to calculate the ratio we did not include upper limits
due to mass bins with zero galaxies, but we did include mass
bins with only one count. The quantity described in Eq (4)
has been computed only up to z ∼ 1.5 as for higher redshifts
the sample of quiescent galaxies becomes incomplete in the
range 9.5 ≤ log(M/M) ≤ 10. This figure clearly shows how
a difference between high- and low-density environments is
present mainly for star-forming galaxies (except in the first
redshift bin) up to z ∼ 1−1.5 and generally not for quiescent
galaxies. The ratio is < 1 for star-forming galaxies, and it is
smaller in low-density environments by ∼ 0.2 dex for envi-
ronments measured with a fixed aperture radius of R = 0.3
Mpc. The difference between high- and low-density envi-
ronments seems to get smaller increasing the fixed aperture
radius. Nevertheless, an indication of low-mass star-forming
galaxies being more present in low-density environments is
visible in the data. Indeed, from the difference between the
high- and low-density curves from the top panels, normal-
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Figure 3. GSMF of UltraVISTA galaxies - all galaxies. The solid black curve refers to the total GSMF for all UltraVISTA galaxies,
the long-dashed magenta curve refers to high-density environments and the short-dashed cyan curve refers to low-density environments.
Vertical lines are the mass completeness limits, style- and colour-coded as the corresponding GSMF. Diamonds represent mass bins
with only one galaxy, downward triangles are upper limits for mass bins with zero galaxies. Shaded areas represent Poissonian errors.
In the bins at redshift 1.1 < z < 1.5, 1.5 < z < 2.0, and 2.0 < z < 2.5 green stars and orange squares correspond to the UKIDSS-
CANDELS GSMF (Mortlock et al. 2015, see their figure 8, green stars refer to high-density environments, orange squares to low-density
environments). For the Mortlock et al. (2015) GSMF, only points above their mass completeness limit have been considered. The redshift
bins in which the Mortlock et al. (2015) GSMFs have been calculated are 1.0 < z < 1.5, 1.5 < z < 2.0, and 2.0 < z < 2.5. The high-mass
end of the UltraVISTA GSMF is enhanced in high-density environments, while the low-mass end is depleted with respect to low-density
environments.
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Figure 4. GSMF of UltraVISTA galaxies - quiescent galaxies. The solid red curve refers to the total GSMF for quiescent galaxies only,
the long-dashed magenta curve refers to high-density environments and the short-dashed cyan curve refers to low-density environments.
Vertical lines are the mass completeness limits, style- and colour-coded as the corresponding GSMF. Diamonds represent mass bins with
only one galaxy, downward triangles are upper limits for mass bins with zero galaxies. Shaded areas represent Poissonian errors. In the
bins at redshift 0.5 < z < 0.8 and 0.8 < z < 1.1 red circles and blue upward triangles correspond to the zCOSMOS GSMF (Bolzonella et al.
2010, see their figure 5, red circles represent high-density environments and blue upward triangles represent low density environments),
for quiescent galaxies. Purple stars and orange squares correspond to the VIPERS GSMF (Davidzon et al. 2016, see their figure 4, purple
stars represent high-density environments, orange squares represent low-density environments), for quiescent galaxies. For zCOSMOS and
VIPERS GSMF only points above the respective mass completeness limits are shown. The redshift bins in which zCOSMOS GSMFs have
been calculated are 0.5 < z < 0.7 and 0.7 < z < 1.0, the redshift bins in which VIPERS GSMFs have been calculated are 0.65 < z < 0.8
and 0.8 < z < 0.9. The high-mass end of the UltraVISTA quiescent GSMF is enhanced in high-density environments up to z ∼ 2, while
no difference seems to be present at the intermediate- and low-mass end.
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Figure 5. GSMF of UltraVISTA galaxies - star-forming galaxies. The solid blue curve refers to the total GSMF for star-forming
galaxies only, the long-dashed magenta curve refers to high-density environments and the short-dashed cyan curve refers to low-density
environments. Vertical lines are the mass completeness limits, style- and colour-coded as the corresponding GSMF. Diamonds represent
mass bins with only one galaxy, downward triangles are upper limits for mass bins with zero galaxies. Shaded areas represent Poissonian
errors. In the bins at redshift 0.5 < z < 0.8 and 0.8 < z < 1.1 red circles and blue upward triangles correspond to the zCOSMOS GSMF
(Bolzonella et al. 2010, see their figure 5, red circles represent high-density environments and blue upward triangles represent low density
environments), for star-forming galaxies. Purple stars and orange squares correspond to the VIPERS GSMF (Davidzon et al. 2016, see
their figure 4, purple stars represent high-density environments, orange squares represent low-density environments), for star-forming
galaxies. For zCOSMOS and VIPERS GSMF only points above the respective mass completeness limits are shown. The redshift bins in
which zCOSMOS GSMFs have been calculated are 0.5 < z < 0.7 and 0.7 < z < 1.0, the redshift bins in which VIPERS GSMFs have been
calculated are 0.65 < z < 0.8 and 0.8 < z < 0.9. The UltarVISTA star-forming GSMF shows an excess of low-mass galaxies in low density
environments up to z ∼ 1.5, while no difference seems to be present in the high-mass end.
MNRAS 000, 1–18 (2017)
Environment-dependent galaxy evolution since z ∼ 3 11
-1.0
-0.5
0.0
0.5
1.0
1.5
L
og
(Φ
D
75
/Φ
D
2
5
) 0.2< z <0.5 0.5< z <0.8 0.8< z <1.1
10.0 11.0 12.0
Log(M∗/M¯)
1.1< z <1.5
9.0 10.0 11.0
Log(M∗/M¯)
-1.0
-0.5
0.0
0.5
1.0
L
og
(Φ
D
75
/Φ
D
2
5
) 1.5< z <2.0
9.0 10.0 11.0
Log(M∗/M¯)
2.0< z <2.5
9.0 10.0 11.0 12.0
Log(M∗/M¯)
2.5< z <3.0
R = 0.3 Mpc
-1.0
-0.5
0.0
0.5
1.0
1.5
L
og
(Φ
D
75
/Φ
D
2
5
) 0.2< z <0.5 0.5< z <0.8 0.8< z <1.1
10.0 11.0 12.0
Log(M∗/M¯)
1.1< z <1.5
9.0 10.0 11.0
Log(M∗/M¯)
-1.0
-0.5
0.0
0.5
1.0
L
og
(Φ
D
75
/Φ
D
25
) 1.5< z <2.0
9.0 10.0 11.0
Log(M∗/M¯)
2.0< z <2.5
9.0 10.0 11.0 12.0
Log(M∗/M¯)
2.5< z <3.0
R = 2 Mpc
Figure 6. Ratio of high- to low-density GSMF. Ratio of the high-density (ΦD75) to the low-density GSMF (ΦD25) as a function of mass
and redshift. The solid black line refers to all galaxies, the long-dashed red line to quiescent galaxies and the short-dashed blue line to
star-forming galaxies. The shaded regions correspond to the propagated errors on the ratio. The vertical black dashed line corresponds
to the mass completeness limit. Top panel refers to a fixed aperture radius of R = 0.3 Mpc, bottom panel to R = 2 Mpc. The fact that
the logarithm of the ratio of the high-density to the low-density GSMF is generally & 0 for quiescent galaxies and generally . 0 for
star-forming galaxies can be interpreted as quiescent galaxies being more represented in high-density environments and star-forming
galaxies being more present in low-density environments.
ized to the sum in quadrature of the errors, it is possible to
see how the difference between high- and low-density envi-
ronments in the case of star-forming galaxies reaches values
as high as 5σ in the R = 0.3 Mpc case, while being system-
atically larger than 3σ. On the other hand, the difference
between high- and low-density environments for quiescent
galaxies is always in the ±2σ range, being close to 3σ only
in the R = 2 Mpc case. The monotonic trend with redshift
of the intermediate-mass to low-mass ratio for the quies-
cent galaxies is an indication of a progressive steepening of
the low-mass end of the quiescent GSMF with redshift (this
seems to be at variance with what hinted by Davidzon et al.
(2016), although the different redshift range explored, mass
completeness limit and environmental definition prevent us
from drawing any firm conclusion from the comparison).
Nevertheless, this monotonic trend with cosmic time is not
observed for the star-forming galaxy population, and this
can again be related to the gradual build-up of galaxy mass
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Figure 7. Shape of the GSMF. Top panel shows the ratio of the high-mass to the intermediate-mass end of the GSMF (see Eq. (3))
as a function of redshift. Solid lines refer to high-density environments, dashed lines to low-density ones. Red lines represent quiescent
galaxies and blue lines star-forming galaxies. In black we report the ratio for the total galaxy population. Bottom panel shows the
difference between the high-density and the low-density case of the curves reported in the top panel, normalized to the sum of the
errors (long-dashed red, short-dashed blue, and solid black curves refer to the quiescent, star-forming, and total galaxy populations,
respectively). For reference, values corresponding to a difference of 0, ±1σ, and ±3σ are reported as thin solid, dashed, and dot-dashed
horizontal lines. These ratios quantitatively indicate that the high-mass end of the GSMF is enhanced in high-density environments for
quiescent galaxies and not for star-forming ones up to z ∼ 2.
with cosmic time, in a complementary way than what found
before with the high- to intermediate-mass end ratios. The
low-mass end of the quiescent GSMF is gradually enhanced
as more low mass galaxies are quenched with cosmic time,
while the low-mass end of the star-forming GSMF is con-
tinuously replenished by galaxies that increase their stellar
mass through ongoing star-formation activity. This result is
in agreement also with what found by Pozzetti et al. (2010,
see their Fig. 14) and Ilbert et al. (2013, see their Fig. 6) as
well as by many other works (see e.g. Moutard et al. 2016b;
Muzzin et al. 2013; Mortlock et al. 2015; Tomczak et al.
2014, and references therein).
3.3 The relative importance of quiescent and
star-forming GSMF in different environments
Figure 9 shows the mass at which the quiescent and the star-
forming GSMF intersect (Mcross) as a function of redshift
and environment (i.e. the mass above which the GSMF is
dominated by the quiescent population). As for Fig. 7, the
analysis has been limited at redshift z ∼ 2.5 as at higher
redshift the size of the quiescent galaxy sample becomes too
limited. It can be seen how Mcross is higher in low-density
environments compared to high-density ones up to redshift
z ∼ 1.5, where the two curves become indistinguishable. This
is in agreement with the current paradigm of galaxy evolu-
tion, which predicts that massive galaxies became quiescent
at earlier times compared to less massive galaxies. There-
fore, as redshift increases, the mass at which the quiescent
GSMF starts to dominate over the star-forming GSMF in-
creases as well. The fact that Mcross is higher in low-density
environments compared to high-density ones is an evidence
of the fact that the processes that lead to the quenching of
the star-formation and to the transformation of star-forming
galaxies into quiescent galaxies are more efficient in high-
density environments, leading to less massive galaxies being
already quenched, while at the same redshift, in low-density
environments, they will still be star-forming. In high-density
environments Mcross is a monotonically increasing function
of redshift, increasing from ∼ 1010M at z ∼ 0.5 to 1011.5
at z ∼ 2. If we consider also upper limits to the value of
Mcross derived when GSMF do not intersect, then an in-
MNRAS 000, 1–18 (2017)
Environment-dependent galaxy evolution since z ∼ 3 13
-0.75
-0.5
-0.25
0
0.25
0.5
0.75
1
L
og
Φ
(I
M
)/
Φ
(L
M
)
R = 0.3 Mpc R = 2 Mpc
0 0.25 0.5 0.75 1 1.25
z
−5
0
5
10
∆
D
7
5
−
D
2
5
√ σ
2 D
7
5
+
σ
2 D
2
5
0.00 0.25 0.50 0.75 1.00 1.25 1.50
z
Figure 8. Shape of the GSMF. Top panel shows the ratio of the intermediate-mass to the low-mass end of the GSMF (see Eq. (4)) as a
function of redshift. Solid lines refer to high-density environments, dashed lines to low-density ones. Red lines represent quiescent galaxies
and blue lines star-forming galaxies. In black we report the ratio for the total galaxy population. Bottom panel shows the difference
between the high-density and the low-density case of the curves reported in the top panel, normalized to the sum of the errors (long-
dashed red, short-dashed blue, and solid black curves refer to the quiescent, star-forming, and total galaxy populations, respectively).
For reference, values corresponding to a difference of 0, ±1σ, and ±3σ are reported as thin solid, dashed, and dot-dashed horizontal lines.
These ratios quantitatively indicate that the low-mass end of the star-forming GSMF is depleted in high-density environments up to
z ∼ 1.5, while no difference is present for quiescent galaxies.
crease of Mcross as a function of redshift is roughly true also
for low-density environments for redshifts z & 1, while at
lower redshifts Figure 9 shows an upturn in the value of
Mcross. This upturn seems to become less evident going from
R = 0.3 Mpc to R = 2 Mpc. The upturn at low redshifts of
the Mcross in low-density environments is probably due to
the lowest density environments probed by the fixed aper-
ture method, especially on small scales (e.g. R = 0.3 Mpc).
In such underdense environments quiescent galaxies are rare,
as the fraction of quiescent galaxies is higher in high-density
environments (see e.g. Fig. 2). Therefore, the quiescent and
star-forming GSMF will be more separated, especially at
high masses, and the Mcross results higher.
4 COMPARISON WITH PREVIOUS STUDIES
Thanks to its excellent combination of multiwavelength cov-
erage, fairly large area, and presence of datasets with a
high statistical power, the UltraVISTA-COSMOS is a per-
fect field where to perform studies of galaxy evolution. For
this reason it has been deeply exploited in several works. As
the GSMF is a very powerful tool to study the galaxy for-
mation from a statistical point of view, many studies have
investigated its relation to galaxy environment. In this sec-
tion we review some of the main works that studied the
GSMF in different environments from low redshifts, using
spectroscopic samples, up to high redshift, using photomet-
ric redshift surveys.
The main spectroscopic survey that has been performed
in the COSMOS field is the zCOSMOS Survey (see Lilly
et al. 2007). Using the 10k spectroscopic sample of Lilly et al.
(2009) in synergy with the COSMOS photometric sample
(Capak et al. 2007; McCracken et al. 2010) and the envi-
ronmental estimate by Kovacˇ et al. (2010), Bolzonella et al.
(2010) performed a thorough study of the GSMF in differ-
ent environments up to z = 1. In their work, they found
a difference between the GSMF of high- and low-density
environments, with the massive end of the GSMF being
more enhanced in high-density environments. This is qual-
itatively in agreement with our results in the common red-
shift range. In Figs. 4 and 5 we show a comparison between
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Figure 9. Mcross. Mass at which the star-forming and the qui-
escent GSMF intersect. The solid magenta line refers to high-
density environments, while the dashed cyan line refers to low-
density environments. Triangles (upward for low-density environ-
ments and downward for high-density environments) are upper
limits to the value of Mcross for when the two GSMF do not in-
tersect, defined as the mass at which the two GSMF are closer
to each other. Galaxies in high-density environments undergo an
accelerated evolutionary process with respect to galaxies in low-
density environments.
our GSMF and those of Bolzonella et al. (2010, see their
figure 5) for two common redshift bins. We compared quies-
cent and star-forming GSMF both in high- and low-density
environments. GSMF have been normalized so to be equal
at a given mass (that of the lowest mass bins considered
for VIPERS GSMF, see below), which allows us to compare
their shape. With the exception of quiescent galaxies in the
range 0.8 ≤ z ≤ 1.1 (where the GSMF of both high- and low-
density environments are in good agreement), the GSMF of
Bolzonella et al. (2010) and those of our work show a slightly
different shape, with the GSMF of Bolzonella et al. (2010)
displaying a steeper slope in the high-mass and/or low-mass
end.
The steeper slope of the zCOSMOS mass functions
could be due to the different environment estimator used
in our work (fixed aperture with R = 0.3 − 2 Mpc) and
in Bolzonella et al. (2010) (distance to the 5th nearest
neighbour), to the different definition of quiescent and star-
forming galaxies (photometric type coming from SED fitting
estimate for Bolzonella et al. (2010) vs restframe color-color
classification for our work) or to the fact that Bolzonella
et al. (2010) use spectroscopic redshift while we use photo-
metric redshifts. Thanks to the higher statistics and lower
mass limit compared to Bolzonella et al. (2010), we see a
difference between high- and low-density environments for
both passive and star-forming galaxies.
A difference between our work and Bolzonella et al.
(2010) is confirmed also by the fraction of quiescent galax-
ies in different environments, shown in Fig. 2. In particular,
while the fraction of quiescent galaxies in both environments
is comparable to the one derived in our work for the lowest
mass bins considered by Bolzonella et al. (2010), their frac-
tions become quickly higher than ours with increasing mass
and especially in low-density environments. This is likely due
to the different environmental estimator used in our work
and in Bolzonella et al. (2010) and it is likely the origin of
the discrepancy observed in the values of Mcross between our
work and Bolzonella et al. (2010, see their figure 7). In fact,
while the value of Mcross in high-density environments is in
agreement between our work and Bolzonella et al. (2010),
we find an upturn in the values of Mcross in low-density en-
vironments which is totally absent in the work of Bolzonella
et al. (2010).
Although a quantitative comparison is difficult, the
range of densities corresponding to low-density environ-
ments explored by our work is much lower than that in Bol-
zonella et al. (2010). Therefore, in such environments the
quiescent galaxy population will be more under-represented
and the corresponding quiescent GSMF will result depressed
with respect to the star-forming GSMF, with the corre-
sponding value of Mcross increased, as confirmed by the dif-
ferent fraction of quiescent galaxies.
In Figs. 4 and 5 we also report a comparison between our
mass functions and those of Davidzon et al. (2016, see their
figure 4). Although with a different spectroscopic dataset
(VIPERS Survey, Guzzo et al. 2014; Garilli et al. 2014),
Davidzon et al. (2016) performed a thorough study of the
GSMF in different environments at z . 1, finding consis-
tent results with Bolzonella et al. (2010). Although their
mass completeness limit allowed only a characterization of
the high-mass end of the GSMF, still their GSMF for quies-
cent and star-forming galaxies in different environments are
consistent within errorbars with those of our work in the
overlapping redshift bins.
As the UltraVISTA sample offers high-quality photo-
metric redshifts for a large statistical sample, some works
have been performed at redshift z > 1 in the COSMOS field.
A couple of recent works have explored the dependence of
the GSMF on the environment using the same sample as
we did in this work. Both Scoville et al. (2013) and Darvish
et al. (2015) used a 2D Voronoi tessellation performed in
subsequent redshift slices to study the environmental ef-
fects on the galaxy population and the GSMF. In particular,
Darvish et al. (2015) found a strong evidence for massive
(M > 1011M), quiescent galaxies showing an increasingly
important difference between high- and low-density environ-
ments at z . 1.5. They found that the number density of
massive quiescent galaxies in high-density environments is
∼ 10 times higher than in low-density environments at red-
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shift z . 0.5 (see their Figure 10). This is in agreement
with the results of this work, which see environmental ef-
fects disappear for quiescent galaxies at z ∼ 2, with the ratio
of the high-mass end to the intermediate-mass end of the
GSMF for quiescent galaxies being different by more than
3σ in high-density environments with respect to low-density
environments at z . 0.5 (see Figure 7). Both the work by
Darvish et al. (2015) and this work found no environmen-
tal effect for massive star-forming galaxies at any redshift.
However, with our work we have been able also to extend
the analysis to low-mass star-forming galaxies, finding an
environmental effect up to z . 1.5.
It is also important to mention that our work is in agree-
ment with what found in the UKIDSS UDS field (see Mort-
lock et al. 2015). By using the UKIDSS UDS dataset and the
CANDELS Survey (photometric redshifts, Galametz et al.
2013; Guo et al. 2013), Mortlock et al. (2015) found that the
GSMF is different in high- and low-density environments up
to z ∼ 1.5. We show a comparison between our work and
the work by Mortlock et al. (2015) in three high-redshift
bins in Fig. 3. GSMF are again normalized to be equal at
M = 1011M, so to be able to compare their shape in a
consistent way. It can be seen how our GSMF and those of
Mortlock et al. (2015) are in good agreement except for the
last redshift bin (2.0 < z < 2.5), where they show a different
shape, with the GSMF of Mortlock et al. (2015) charac-
terized by a steeper slope. This difference in shape at high
redshift could be due to the different high- and low-density
environment definition (25th and 75th percentile of the vol-
ume density distribution in our work, 1σ deviation from the
mean of the density distribution in Mortlock et al. 2015).
These comparisons show how we have been able to ex-
ploit the excellent UltraVISTA data set to extend previous
works done at low redshift with spectroscopic surveys (e.g.
Bolzonella et al. 2010; Davidzon et al. 2016) and to com-
plement other works performed at high redshift with photo-
metric redshift surveys (e.g. Darvish et al. 2015; Mortlock
et al. 2015).
5 DISCUSSION
Galaxies evolve in parallel with cosmic structures. As galax-
ies form, so do galaxy clusters, groups and the Large-Scale
Structure (LSS) and transformations in galaxy properties
happen at the same time as changes in their local and
global environment. It is therefore expected some correla-
tion between galaxy environment and galaxy properties, as
a function of redshift. The current understanding of the ef-
fect of the environment on galaxy evolution is that envi-
ronment plays a role in determining the cease of star for-
mation in galaxies and in causing their transformation from
blue, actively star-forming, disc-like objects to red, quiescent
spheroidal systems.
This picture of galaxy formation in relation to environ-
mental effects is supported by evidence both on the theoret-
ical and the observational sides. For example, many mecha-
nisms correlated to galaxy environment have been proposed
to end the star formation in a galaxy (see for example Fig-
ure 10 of Treu et al. 2003) and many correlations have been
found between the main observables and the density field
(e.g. galaxy color, mass, AGN activity, star-formation, mor-
phology). Moreover, some works (e.g. Peng et al. 2010) have
proposed a separability of the processes that lead a galaxy
to quiescence on the basis of mass and environment. In this
work we present observational evidence of the presence of a
complex interplay among galaxy mass, star-formation activ-
ity (or lack thereof) and local environment.
Although relying only on photometric redshifts, this
work is able to recover with good accuracy the environmen-
tal trends of the GSMF, by making use of a method that
has been fully tested on mock galaxy catalogues. In fact, in
Malavasi et al. (2016) we carefully tested the effect that a
density field measured using photometric redshifts has on
the analysis of the GSMF in different environments, finding
that no spurious effects are introduced and that the differ-
ences that are found would be greater if more precise red-
shifts were used. This is indeed an important argument in
the present analysis: we can expect all the results that are
described in this work to be more evident if spectroscopic
redshifts were used. Of course, larger statistical samples at
higher redshifts with precise redshift measurement are vital
to perform this kind of studies. Here we discuss the results
of Sect. 3 in a theoretical framework of galaxy evolution,
after having decisively ruled out possible effects due to pho-
tometric redshift uncertainties (see Malavasi et al. 2016 and
Sect. A of this work).
We find that the galaxy population is different in differ-
ent environments. High-density environments are populated
by a higher fraction of quiescent galaxies and this distinc-
tion is particularly visible at high masses (M & 1011M) up
to redshift z ∼ 2. The lack of differences between the frac-
tion of quiescent galaxies in different environments at higher
redshifts is probably due to the fact that at higher redshifts
structures are at an earlier stage of formation (see e.g. Chi-
ang et al. 2013) and quiescent galaxies, even the massive
ones, are rarer (while star-forming galaxies still dominate).
This evidence is complemented by the total GSMF divided
according to local environment, which shows how in high-
density environments massive galaxies are more represented
up to z ∼ 2. Therefore, peaks in the density field seem to
constitute a particular kind of environment where galaxies
are more massive and more quiescent. Environment, there-
fore, plays a role in shaping the galaxy population and is
connected to the build up of galaxy mass and to the end of
the star formation. Environmental effects are visible since
z ∼ 2 and on scales of R = 2 Mpc, being effective for a long
period of galaxy formation in a strong way.
A particularly interesting scenario for galaxy evolution
is the one proposed by Gabor & Dave´ (2015). In their work,
the authors used numerical simulations to investigate the
new unified quenching model that they propose. In this
model, a galaxy is quenched once the gas in its host halo
becomes hot (T ≥ 105.4 K) and this happens when the host
halo reaches a mass of 1012M (roughly corresponding to
a stellar mass of 1010.5M). In this scenario, both “mass
quenching” and “environmental quenching” (Peng et al.
2010) are seen as separate evidences of the same underlying
quenching mechanism due to the presence of hot gas. This
theoretical model can be used to give an interpretation of our
results. In particular, according to this model, the galaxies
populating the high-mass end of the GSMF (M ≥ 1011M)
are being quenched because they live in hot gas dominated
haloes. Although they are found also in low-density environ-
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ments (see Figure 6 of Gabor & Dave´ 2015), massive haloes
(M ≥ 1012M) are found preferentially in high-density envi-
ronments. This is the cause of the difference between high
and low-density environments seen in the GSMF of quiescent
galaxies at masses M ≥ 1011M.
This difference is not seen in the GSMF of star-forming
galaxies because massive galaxies in high-density environ-
ments are quenched, therefore they are not included in the
star-forming GSMF. This goes in the direction of diluting
the signal of potential differences in the high-mass end of the
GSMF of star-forming galaxies as a function of environment.
Instead, a difference is visible at low masses, with low-mass
star-forming galaxies being more present in low-density en-
vironments. This is due to the fact that these galaxies live
in too low-mass haloes to develop a hot gas environment
and be quenched. Nevertheless, those living in high-density
environments can still be quenched as satellites of more mas-
sive galaxies that live in hot gas dominated haloes. There-
fore, the low-mass end of the star-forming GSMF is depleted
in high-density environments compared to low-density ones.
Interestingly, this trend should reflect in a difference in the
low-mass end of the GSMF of quiescent galaxies in high-
density environments, which seem to be absent in our data.
This lack of a difference between the high- and low-density,
low-mass end of the quiescent GSMF could be due to un-
certainties in the photometric redshift calculation or in the
distinction between quiescent and star-forming galaxies us-
ing the color-color diagram. Star-forming galaxies being the
majority of the sample, a difference in the low-mass end of
the GSMF can be recovered for them, but not for quies-
cent galaxies, which may suffer from residual contamination
from star-forming galaxies at low masses. Nevertheless, a
more accurate analysis, with more precise redshifts and a
larger dataset has to be performed to solve the problem.
6 CONCLUSIONS AND SUMMARY
In this work we have used the GSMF and the high-
precision photometric redshifts of the UltraVISTA Survey
(McCracken et al. 2012; Ilbert et al. 2013) to outline a his-
tory of the role of the environment in galaxy evolution from
z = 3 to z = 0. Thanks to the high-precision of the photo-
metric redshift data-set used for this work, together with
the accurate preparatory analysis performed in Malavasi
et al. (2016), the study described in this paper presents an
additional perspective, both extending and complementing
known results in the literature in a consistent way over a
broader redshift range. Although derived with photometric
redshifts the results presented in this work are robust and
provide a reliable observational evidence to support theoret-
ical scenarios of galaxy formation. Our main findings can be
summarized as follows:
(i) The fraction of massive quiescent galaxies is higher
in high-density environments compared to low density ones.
The difference is visible up to a scale of R = 2 Mpc, and
it is present up to redshift z ∼ 2. The fraction of quiescent
galaxies increases with mass and decreases with redshift.
(ii) The shape of the galaxy stellar mass function is differ-
ent in high-density and low-density environments for the to-
tal galaxy population. The high-mass end of the mass func-
tion (log(M∗/M) ∈ [11, 11.5]) is enhanced with respect to
the intermediate-mass end (log(M∗/M) ∈ [10, 10.5] in high-
density environments) up to z ∼ 2.
(iii) The difference in the shape of the GSMF between
high-density and low-density environments is visible for qui-
escent galaxies up to z ∼ 2 and at masses M > 1011M.
(iv) The difference in the shape of the GSMF between
high-density and low-density environments is visible for star-
forming galaxies up to z ∼ 1.5 and at masses M < 1011M.
(v) No environmental effects seem to be visible in our
data at z & 2.
(vi) The mass at which galaxies become quiescent at a
given redshift is lower in high-density environments com-
pared to low-density ones. This effect is visible up to redshift
z ∼ 1.5. In high-density environments, the mass at which the
quiescent GSMF starts to dominate over the star-forming
GSMF is a monotonically increasing function of redshift.
We have shown that local environment plays indeed
a role in shaping galaxy evolution, in the redshift range
0 ≤ z ≤ 2. High-density environments show an enhanced
fraction of massive (∼ 1011M) quiescent galaxies, compared
to low-density ones. At high redshift many structures may
be at an earlier stage of formation, with clear environmen-
tal dependencies not yet in place. Although present at z > 2,
structures with a clear segregation of quiescent galaxies may
be rare, requiring a larger area than the COSMOS field to
be detected in a sufficient number. As at these redshifts also
lower number statistics and larger uncertainties in the pho-
tometric redshift determination may start to affect the sam-
ple, these results would benefit from a confirmation by the
means of wide-area spectroscopic redshift surveys such as
Euclid and WFIRST.
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APPENDIX A: A TEST ON THE EFFECT OF
PHOTOMETRIC REDSHIFT UNCERTAINTIES
As discussed in Malavasi et al. (2016), photometric red-
shift uncertainties are a major limitation in the reconstruc-
tion of the density field. Nevertheless, in Malavasi et al.
(2016) we demonstrated that it is still possible to perform
a study of the GSMF in different environments using pho-
tometric redshifts provided that their uncertainty is small
(σ∆z/(1+z) . 0.01). In this case, differences between high-
and low-density environments that are present in the GSMF
calculated using each galaxy’s true redshift up to z ∼ 2.5 re-
sult damped when using photometric redshifts, but they will
still be recovered. Following what shown in Malavasi et al.
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Figure A1. Shape of the GSMF - increased errors. As Figure 7, but with larger photometric redshift errors at high redshift (see text).
Increased errors for photometric redshifts at high-redshift do not affect the results of this work.
(2016) and as explained in Sect. 2.1, we have chosen for this
work an uncertainty value for the photometric redshifts of
σ∆z/(1+z) = 0.01 which may be, nevertheless, underestimated
at high redshift. Moreover, the photometric redshift uncer-
tainty depends on KS-band magnitude, as shown, for exam-
ple, in Fig. 2 Scoville et al. (2013). This figure shows the
photometric redshift uncertainty as a function of KS-band
magnitude and redshift, together with the median KS-band
magnitude of a sample of galaxies extracted from the Ultra-
VISTA Survey and similar to the one used in this work. For
this reason, we have tested also the effect of a larger uncer-
tainty. Following Fig. 2 of Scoville et al. (2013) we have re-
done our work assuming a photometric redshift uncertainty
of
σ∆z/(1+z) =
{
0.01 for z ≤ 1.5
0.03 for z > 1.5
(A1)
As the main purpose of this paper is to study the shape of
the GSMF in different environments, we tested whether the
differences that we see between the GSMF in high- and low-
density environments (Figs. 7 and 8) are maintained when
considering larger errors at higher redshift. Because in the
case of the ratio between the intermediate-mass and low-
mass end of the GSMF we limit the analysis at z ≤ 1.5, we
only report for comparison in Fig. A1 the ratio of the high-
mass to the intermediate-mass end of the GSMF (see Fig. 7),
performed with the higher photometric redshift uncertainty
value at high redshift. It can be seen how, even with larger
photometric redshift errors, the trends are maintained, with-
out significant differences. The increase in the redshift error
affects only the analysis at z ≥ 1.5 and in a negligible way.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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